Cytoplasmic incompatibility (CI) in Drosophila is related to the presence of Wolbucbiu, an intracelluar microorganism found in many species of insects. In order to study the intracellular localization of Wolbncbiu in eggs and embryos, we have purified the bacteria from fly embryos and subsequently generated a monoclonal antibody (Mab Wol-1) specific for Wofbachiu. Indirect immunofluorescence staining using Wol-1 reveals that during mitosis, Wolbachiu are localized near spindle poles and centrosomes. Double label immunofluorescence experiments using anti-tubulin and anti-Wolbachia antibodies show that Wofbuchiu co-localize with centrosomal microtubules throughout the cell cycle. Direct interactions between the bacteria and centrosome-organized microtubules are implied from seven observations: (1) throughout the mitotic cycle, the position and movement of Wofbuchiu precisely mimic the behavior of the centrosome and apparently associates with centrosome-organized microtubules; (2) Wofbuchiu segregate equally to each spindle pole during mitosis; (3) Wofbuchiu do not associate with spindle microtubules during mitosis; (4) Wofbuchiu located in the egg cortex localize to the domains of cytoplasm organized by microtubules during blastoderm formation; (5) polar body nuclei that lack centrosomes but contain associated microtubules do not contain Wofbuchiu; (6) Wofbuchiu no longer associate with yolk nuclei, following differentiation and loss of centrosomes; (7) during pole cell formation, Wofbuchiu co-localize with the centrosome on the apical side of the nucleus as pole cells form. Quantitative data indicates that no Wofbuchiu growth occurs during the preblastoderm period even though rapid nuclear, and subsequent cellular, proliferation takes place during this same period. This indicates that Wofbuchiu are under strict growth regulation by the host suggesting that host factors play a role in regulating growth of Wofbuchiu in the egg. Further cellular and molecular studies of the extensive, global interactions between host and symbiont observed in this egg should provide important new insights into the evolution of host/symbiosis and the cell biology of cytoplasmic incompatibility.
IntroductioIl
Cytoplasmic incompatibility (CI) is a phenomenon where the normal process of fertilization is blocked in particular crosses of strains within the same insect species. In an incompatible cross, fertilization apparently occurs normally but the sperm often does not contribute its genetic material to the potential zygote (Jost, 1970) . The physical entry of the sperm into the egg cytoplasm is sufficient to activate the egg and initiate nuclear females and uninfected males is, however, compatible, as are crosses between either both infected or both uninfected males and females (Hoffmann, 1986; Karr, 1994) (Fig. 1) . Further compelling evidence of the direct involvement of Wofbachia comes from transinfection experiments which succeeded in transferring the infection to uninfected strains. These newly infected strains express CI (Boyle et al., 1993; Braig et al., 1994; Chang and Karr, submitted) . CI has been recognized in insects for many years. It was first characterized in mosquitoes of the Culex pipiens complex (Laven, 1959) and has since been reported from a number of insect species spanning at least five orders (Stevens, 1990; O'Neill, 1992) and probably many more (H. Robertson, University of Illinois, personal communication). CI, as a form of reproductive isolation, has been discussed as a possible mechanism of speciation (Laven, 1959; Karr, 1994) and population biologists are studying the spread of Wolbachia into northern California through its host, Drosophila simulans (Turelli and Hoffmann, 1991) .
In this report we describe, using an anti-Wolbachia monoclonal antibody, the localization and behavior of Wolbachia during early embryonic development in Drosophila simulans. Our results extend our earlier observations (O'Neill and Karr, 1990; Boyle et al., 1993) and reveal a unique association between Wolbachia and centrosomal microtubules. This association suggests a mechanism for vertical transmission of the symbiont and implicate cytoskeletal/symbiont interactions as a central feature of the evolution of host/symbiosis in this insect.
Results

Wolbachia purification and monoclonal antibody production
In a previous study (Boyle et al., 1993) , we reported that the D. simulans embryo contains substantial quantities of Wolbachia. Based on this observation, we used a combination of filtration and sucrose density centrifugation to purify Wolbachia from embryo extracts. We assessed the degree of purity by comparing the number of bacteria to the protein concentration at various stages of purification (Table 1 ). An example of the purification is shown in Fig. 2 . Comparison of the initial extract ( Fig. 2A) to the final fraction (Fig. 2C) shows a large increase in the number of small, punctate dots that brightly stain with the DNA specific fluorochrome, Chromomycin A3. As shown in Table 1 , the number of Wolbachia increased 140-fold while the protein concentration dropped 11 -fold, resulting in an overall purilication of approximately 1500 (Table 1) .
Fractions from the purification were further analyzed using the polymerase chain reaction (PCR) and primers specific for the Wofbachia 16s rDNA gene (O'Neill, 1992) . We also analyzed fractions from an identical purification using a strain of D. simulans (DSRT) devoid of Wolbachia were purified by a combination of differential centrifugation, filtration and sucrose-gradient sedimentation as described in Materials and methods. The number of Wolbachia in each stage of the purification was determined by direct counts of the relative number of bacteria/microliter. The protein concentration and relative number of bacteria are reported for three stages of the purification. The fold purification was determined by comparing the ratios of bacterial numbers to protein concentration. *The Wolbachia were visualized by using Wol-1 and data were collected in randomly chosen microscopic fields (see Materials and methods). Wolbachiu. Fig. 2D shows a strong positive PCR band in the fraction from the infected DSR strain (Fig. 2D , lane l), while no band is detected in the same fraction from the uninfected DSRT strain (Fig. 2D, lane 2) . Similarly, no DNA positive bodies were observed from an identical purification using DSRT embryos (data not shown, see Fig. 3B ). Based on these observations, we conclude these particles are Wolbachia and that we have obtained a substantial purification of the symbiont.
Monoclonal antibody production
The final purified fraction of Wolbachia was used as immunogen for the production of monoclonal antibodies (Mabs) (Harlow, 1988) . Positive hybridoma lines were identified by indirect immunofluorescence of embryos and subsequently verified on immunoblots of embryo extracts (these antibodies will be described in detail elsewhere). One antibody, designated Wol-1, was used to stain isolated Wolbachia as shown in Fig. 3A . The numerous dot-like structures seen in Fig. 3A precisely coincide with DAPI positive bodies present in the fraction (data not shown). No staining was observed -49kd
v "' -32kd in the final fraction from an identical purification of uninfected DSRT embryos (Fig. 3B) .
Given the apparent specificity of Mab Wol-1 for Wolbachia in infected eggs, we were surprised to observe identical immunopositive bands on immunoblots of extracts prepared from uninfected DSRT embryos (Fig.  3C) . Two prominent bands migrating at approximately 35 and 40 kilodaltons were seen in both infected (Fig.  3C , lane 1) and uninfected (Fig. 3C, lane 2 ) egg extracts. Based on this result, we examined uninfected embryos (DSRT strain) by indirect immunofluorescence. Faint staining of yolk nuclei (Fig. 3D ) and condensed nuclei during late telophase (Fig. 3E) Previously we demonstrated, using DNA-fluorescence microscopy, that the majority (approximately 80%) of Wolbachia reside in the peripheral egg cytoplasm (Boyle et al., 1993) . The remaining 20% are evenly distributed throughout the egg interior (Boyle et al., 1993) . We extend these initial observation using Mab Wol-1. In the blastoderm, Wolbachia were observed to cluster at the spindle poles during mitosis as originally described by O'Neill and Karr (1990) . In Fig. 4 we show that Wolbachia also associate with spindle poles during the early cleavage divisions. Fig. 4A and B show Wolbachia (red dots) localized to the spindle poles (green spindles stained with anti-tubulin antibodies) during mitosis of nuclear cycle 4 and 6, respectively (nuclear division cycles were determined as described in Materials and methods). Comparison of Fig. 4A and B demonstrates that the number of Wolbachia associated with spindles progressively increases. As shown below, we believe this is the result of an active recruitment process and not due to bacterial multiplication.
The Wol-1 antibody was used to examine Wolbachia behavior during pole cell formation. As shown in Fig.  4C , Wolbachia are asymmetrically localized around pole cell nuclei on the apical side toward the outer periphery (arrow, 4C). Wolbachia are therefore localized near the centrosome which is apically localized (Raff and Glover, 1989) . This suggests that the observed centrosome/ Wolbachia association may have evolved to ensure that the bacteria become incorporated into the germ line and ultimately infect the gonads.
2.4. Wolbachia redistribute to perinuclear regions in the cortex during blastoderm formation Wolbachia reorganize to microtubules associated with nuclei during and following nuclear migration as shown by double-label immunofluorescence microscopy using anti-tubulin antibodies and Mab Wol-1 (Figs. 5 and 6 ). Before the arrival of nuclei at the surface during nuclear cycle 10 (Zalokar, 1973; Foe and Alberts, 1983) Wolbachia are evenly distributed throughout the egg cortex (Boyle et al., 1993) (Fig. 5) . However, by interphase of nuclear cycle 10 when nuclei have completed migration, Wolbachia are seen closely associated with nuclei ( Fig. 5B ). As seen in Fig. 5C , this association continues during nuclei cycle 11 and subsequently during nuclei cycles 12 and 13 (data not shown).
Some of the dynamics of this process can be better seen in lateral views as shown in Fig. 6 . Before nuclear migration, Wolbachia are located throughout the cortex to a depth of approximately 20 microns (Boyle et al., 1993) (Fig. 6A) . As nuclei pass through this region during migration, Wolbachia in the cortical regions begin to change position from a homogeneous distribution (Fig. 6A ) to a less homogeneous one (Fig. 6B) as microtubules, organized from the advancing nuclei, interact with the cortex. Wolbachia begin to associate with the microtubule-based cytoplasmic domains (Fig.  6C ) and by nuclear cycle 11, almost all of the bacteria are found associated with blastoderm nuclei. Fig. 6C and D also show a progressive restriction of Wolbachia to the outer-most periphery of the cortex as they become exclusively localized to the centrosome. This restriction parallels microtubule behavior during blastoderm formation (Karr and Alberts, 1986 ).
Wolbachia behavior during the mitotic cycle
During the latter stages of nuclear migration (late anaphase/early telophase of nuclear cycle lo), nuclei, surrounded by organized domains of cytoplasm, populate the egg cortex (Foe and Alberts, 1983) . These domains are organized by cytoplasmic microtubules (Warn et al., 1984; Karr and Alberts, 1986; Kellogg et al., 1989) . We examined stages of mitosis during nuclear cycle 10 using the Mab Wol-1 and a rat anti-tubulin antibody as shown in Fig. 7 . During prophase, centrosome duplication has occurred and its location can be recognized as two bright foci of tubulin staining (arrows, Fig. 7A ). At this stage Wolbachia are loosely associated with centrosomes (arrowhead, Fig. 7A ). A dramatic change in Wolbachia localization occurs during prometaphase/metaphase as shown in Fig. 7B . Wolbachia become very tightly clustered near the centrosome and the spindle pole asters (Fig. 7C ). At the metaphase/anaphase transition, microtubules grow outward from each spindle pole as chromosome segregation commences. Wolbachia appear to re-distribute away from the centrosome coincident with astral microtubule growth as shown in Fig. 7C . By anaphase/telophase, the spindle has elongated forcing nuclei and associated spindle poles further apart. Wolbachia continue to associate with the asters becoming progressively more dispersed (Fig. 7D ). These results suggest that Wolbachia specifically interact either directly or indirectly with centrosomal microtubules. Finally, we note that at no time during mitosis are Wolbachia seen associated with spindle (kinetochore-to-pole) microtubules. As described below, this is consistent with the tinding that Wolbachia only associate with centrosomal microtubles.
Wolbachia are not associated with nuclei lacking centrosome or to non-centrosomal microtubules
There are two distinct regions in the Drosophila egg where nuclei are devoid of centrosomes-polar body nuclei and yolk nuclei. We examined Wolbachia organization in these two regions as shown in Fig. 8 . In Fig. 8A , polar body nuclei (not shown) are surrounded by a concentrated cluster of microtubules (shown in green). Wolbachia ( Fig. 8A , red) are homogeneously distributed in this region. Thus, it appears that Wolbachia do not interact with this subset of microtubules that lack a recognizable centrosome. Yolk nuclei offer a unique opportunity to observe Wolbachia association as yolk nuclei differentiate from mitotically active to inactive nuclei. Yolk nuclei arise from a small subset of nuclei that fail to migrate to the embryo surface (Foe and Alberts, 1983) . These nuclei cease dividing by nuclear cycles 11 and 12 and subsequently endo-replicate their DNA (Foe and Alberts, 1983; Shamanski and Orr-Weaver, 1991) . The function of yolk nuclei is unknown. Coincident with the change in mitotic activity, yolk nuclei lose centrosomes as determined by loss of staining using an anti-centrosome antibody (Raff and Glover, 1989) and have no apparent microtubule organization (T.L.K., unpublished observation). During nuclear cycles 10 and 11, Wolbachia are closely associated with nuclei that did not migrate, as shown in Fig. 8B . However, by nuclear cycle 12, Wolbachia are no longer associated with yolk nuclei as seen in Fig. 8C . Thus, it appears that Wolbachia only associate with nuclei associated with a centrosome.
Wolbachia numbers do not change during early embryogenesis
Confocal microscopy and Mab Wol-1 were used to determine Wolbachia numbers during early embryogenesis. A summary of the number of Wolbachia present at a depth of 5-7 microns below the egg surface in a random selection of embryos at different stages of development is shown in Fig. 9A ; a depth of 5-7 microns was chosen because we had previously determined that Wolbachia density was greatest at this point below the surface (Boyle et al., 1993) . Taking into account the natural variation in Wolbachia numbers present in the laboratory strain used for this study (Boyle et al., 1993) , Wolbachia numbers remain essentially unchanged through the first 10 nuclear division cycles (Fig. 9A ) before and immediately following the completion of nuclear migration. However, a dramatic reduction occurs at nuclear cycle 11 and by nuclear cycle 12, essentially no bacteria are observed at this depth. The apparent reduction is not due to bacterial loss, but is due to a concerted movement and restriction of Wolbachia to the apical side of the nucleus as they become associated with centrosomal microtubules associated with blastoderm nuclei (Figs. 5 and 6).
We further determined Wolbachia numbers at spindle poles during mitosis from nuclear cycles 9-13 as shown in Fig. 9B . If no, or limited, bacterial growth occurs during these stages and assuming Wolbachia segregate 1: 1 during mitosis, we expect the number of Wolbachia to decrease by approximately one half for each successive division cycle. The expected one-half decrease in numbers is realized between nuclear cycles 9-10 and nuclear cycles 12-l 3 (Fig. 9B) . However, numbers deviate slightly from the one-half value between nuclear cycles 10-l 1 and 11-12 (Fig. 9B) . The deviation from the expected value during nuclear cycles lo-12 can be explained by the dynamics of Wolbachia movements during blastoderm formation (see Discussion). Thus, we conclude that there is little if any bacterial growth during the first 13 nuclear divisions.
Discussion
In previous studies we showed that Wolbachia in embryos of D. simulans aligned with the spindle poles during mitosis, and that the majority of Wolbachia are localized in the egg peripheral cortex (O'Neill and Karr, 1990; Boyle et al., 1993) . In this report, we extend these studies and describe the purification, quantification and behavior of Wolbachia during early embryonic development in D. simulans using confocal microscopy and a Wolbachia-specific monoclonal antibody, Wol-1 . The use of confocal microscopy and a Wolbachia specific antibody to quantitate Wolbachia numbers has furthered our understanding of the growth characteristics of Wolbachia during this phase of development and sets the stage for further studies of the regulation of bacterial growth during other stages of development, e.g. oogenesis and spermatogenesis. Our results are consistent with a recent report that appeared describing the behavior of Wolbachia during early embryonic development (Callaini et al., 1994) . Taken together, these studies indicate that Wolbachia apparently interact, either directly or indirectly, with a specific well defined subset of microtubules that originate from the centrosome.
Purification of Wolbachia
Recent cellular, developmental and molecular studies have focused renewed interest in the phenomenon of CI in insects. CI has been discussed as a driving force for the spread of Wolbachia through an uninfected population (Turelli and Hoffmann, 1991) and as a possible mechanism for speciation (Laven, 1959) . As a unique form of bacterially-induced male sterility, CI also has distinct advantages as a biocontrol agent (see Karr, 1994 for a recent review).
A more thorough understanding of the underlying cellular and molecular mechanisms of CI would greatly advance our knowledge of Wolbachia biology. In particular, it will facilitate the development of CI as a biocontrol agent and provide further insights into the mechanisms of speciation, the evolution of host/symbiosis and mechanisms of vertical and horizontal transmission of Wolbachia. As a starting point, our approach has been to generate molecular probes for mechanistic studies. In this report, we describe the isolation of Wolbachia from embryos and the production of monoclonal antibodies. These reagents will be useful for identifying some of the proteins found in, or associated with, Wolbachia and determining what role, if any, these proteins play in the life cycle of the bacterium and/or the expression of CI. Purification of rickettsia from eukaryotic cells, particularly eggs, has only infrequently been reported in the literature. For example, Rickettsia prowazekii have been purified from chicken egg yolk sacs on renografin gradients (Weiss et al., 1975; Dasch and Weiss, 1977; Hanson et al., 1981) . The prevalent mode of study of pathogenic rickettsia in mammals has been through infected cell lines greatly simplifying purification and subsequent manipulation. However, there are very few cell lines available for the study of Wofbachia and no reports of successful culturing of this symbiont has appeared. We are aware of two previous reports of rickettsia purification from insect eggs. The first reported the puritication of Wolbachia from Hypera postica eggs the generation of antisera against the bacterium (Leu et al., 1989) .
Our purification procedure resulted in an approximate 1500-fold purification (Table 1 and Fig. 2 ). The fold purification was determined by direct counts of bacteria in the embryo extract and the final fraction of the purification. The following criteria establish that the DNA-positive staining particles are Wolbachia: (1) The number of particles increase throughout the purification ( Fig. 2A-C) ; (2) the particles are homogeneous in size and shape and are identical in size to the particles observed in fixed egg preparations, previously observed (Boyle et al., 1993) ; (3) purified preparations also stain with the Wol-1 monoclonal antibody (Fig. 3A) ; (4) DNA from the purified fractions yield positive PCR signals ( Figure 2D ); (5) purified fractions were effective in transinfecting uninfected eggs (Chang and Karr, in preparation).
The Wol-1 monoclonal antibody recognizes two host proteins
In a separate study, seven monoclonal antibodies that recognize Wolbachia in infected embryos were identified (H. Kose and T.L.K, in preparation). One of these, Mab Wol-1, was chosen for this study because it gave little or no background staining and was highly specific for Wolbachia in infected embryos (Figs. 4, 5 and 6 ). However, in contrast to the immunostaining results, Mab Wol-1 recognizes an identical protein doublet on immunoblots of cell extracts from both infected and uninfected embryos (Fig. 3) . This unexpected result was confirmed by indirect immunofluorescence of uninfected embryos where Mab Wol-1 stained condensed chromatin and yolk nuclei faintly ( Fig. 3D and E) , suggesting that we had missed similar weak staining in infected embryos. However, in spite of extensive observations, only Wolbachia staining was detected by Mab Wol-1 in infected eggs.
We are currently purifying the proteins recognized by Mab Wol-1. Of the seven Mabs so far isolated, two behave similarly to Mab Wol-1, two of the Mabs recognize histone Hl and two recognize what appear to be minor chromatin proteins (Kose and Karr, in preparation). It appears from the data that Wolbachia bind and/or accumulate host proteins and, in some cases, this can measurably change the subcellular distribution of cellular host proteins. We are currently studying the subcellular localization of these proteins by immunoelectron microscopy.
It remains to be determined if the changing pattern of protein localization in the embryo is related to CI. The lack of nuclear staining by Mab Wol-1 in infected eggs is intriguing and deserves further study. We are currently exploring the possibility that the relocalization of endogenous proteins by Wolbachia is related to the expression of CI. For example, Mab Wol-1 similar altered patterns of protein localization has been observed by Mab Wol-1 in infected testes compared to uninfected testes (Lassy, Kose and Karr, unpublished) . Identifying these proteins and their normal cellular functions may help determine their role, if any, in the expression of CI.
Recruitment of Wolbachia during the early cleavage divisions
During the initial nuclear divisions, nuclei and associated cytoplasmic domains 'energids' occupy the central region of the egg in a roughly spherical arrangement (Counce, 1973; Fullilove and Jacobson, 1978; Wolf, Fig. 6 . Confocal images of changes in Walbachia organization during the transition from nuclear cycles 9 through I I -lateral view. Walbuchia and microtubules were visualized by double-label immunofluorescence as described in the legend to 1980). Wolbachiu interact with these cytoplasmic islands as shown in Fig. 4 . Each successive nuclear division cycle results in a progressive increase in the number of Wolbachia associated with these cytoplasmic domains ( Fig. 4A and B) . We believe this increase is due to active recruitment of the symbiont from the surrounding cytoplasm by centrosome organized microtubules. This notion is supported by the following observations: (1) no microbial growth occurs in the egg during this stage of development (Fig. 9) ; (2) the density of Wolbachia in regions between nuclei and cytoplasmic domains decreases significantly as nuclei divide in the egg interior and continually recruit the microbe into their domains (data not shown); (3) Wolbuchiu associate with the cyto plasmic domains even though these domains are known to exclude yolk particles (Foe and Alberts, 1983) . Therefore, the inclusion of the bacteria into these domains is most likely an active, not a passive, process. Further, our observations on the incorporation of Wolbachia into pole cells and their localization to the apical side of the nucleus during this process also support the idea that an active process is operating. As nuclei destined to become pole cells approach the posterior end of the egg, microtubules, organized from the centrosome, grow outward into the cortex (Raff and Glover, 1989) . Thus, the centrosome and associated microtubules directly precede nuclei to the egg surface. Wolbachia remain closely associated with centrosomal microtubules throughout the process (Fig. 4C) . These results confirm and extend those previously reported by O'Neill and Karr (1990) and provide further evidence for direct microtubule/ Wolbachia interactions. We are currently testing the importance of microtubule integrity in the vertical transmission of the symbiont.
Microtubule-Wolbachia interactions in the blastoderm
The behavior of Wolbachia in the developing egg appears to be closely linked to microtubules. A dramatic example of this linkage was found by examining and comparing changes in symbiont location during blastoderm formation (Figs. 5 and 6 ). As shown previously (O'Neill and Karr, 1990; Boyle et al., 1993) the majority of Wolbachiu are located in the cortical regions of the egg (Figs. 5A and 6A) . The transition from a homogeneous cortical distribution to a more Nuclear cycle Fig. 9 . Quantitative analysis of Wolbachia numbers during the first 13 nuclear divisions. Wolbachia were visualized in fixed embryos with Mab Wol-I and their relative numbers estimated by counts of randomly chosen fields as described in Materials and Methods. (A) Number of Wolbachia located six microns from the surface at nuclear division cycles l-13. The average density changes little during nuclear division cycles I-IO and then dramatically decreases at nuclear cycle I I. There are no measurable bacteria at 6 microns below the surface at nuclear cycles I2 and 13. This is due to the restriction of bacteria to the outer cortical layer (see Fig. 6 and accompanying text). (B) Decrease in Wofbachia numbers at spindle poles during nuclear division cycles 9-13. Number decrease approximately one-half at each successive division indicating little or no increase in bacterial numbers during this time.
highly restricted, defined localization closely mimics changes in microtubule organization during this time (Karr and Alberts, 1986) . For example, Wolbachiu in the cortical region assume a less homogeneous distribution during interphase of nuclear cycle 9 when microtubules grow outward from advancing nuclei and enter the cortical region (best seen in Fig. 6 ). These results strongly suggest that Wolbachiu specifically interact with the microtubule-based cytoskeleton and that these interactions affect the location of the symbiont during these early stages of development. One important as yet unanswered question is why the entire egg contains Wolbuchiu when, presumably, the only cells that must become infected during each generation are the pole cells from which the germ line arises. This is also in contrast to the localization of Wolbuchiu in the parasitic wasp, Nusoniu vitripennis, where the symbiont is localized to the posterior region of the egg (Breeuwer and Werren, 1993) . It remains to be seen if Wolbuchiu must be present in somatic cells is important for expression of CI.
3.5. Wolbuchiu interact only with microtubules arising from the centrosome There are three clearly defined classes of microtubule structures in the developing Drosophila egg: (1) astral microtubules and interphase microtubule arrays organized by the centrosome; (2) spindle microtubules connecting poles to kinetochores; (3) a poorly described dense mass of microtubules associated with the polar 1995) 275-288 bodies (Fig. 8A ). Of these classes, Wolbachiu only interact with microtubules emanating from the centrosome. The best evidence for this comes from (1) the coupled behavior of Wolbachiu and astral microtubules during the mitotic cycle (Fig. 7) , (2) Wolbachiu do not associate with non-centrosomal microtubules (Fig. 8A) , and (3) Wolbachia do not associate with yolk nuclei that have lost centrosomes after blastoderm formation ( Fig.  8B and C) . The duplication, movement and microtubule organization properties of the centrosome during the cell cycle has been extensively documented in a wide range of organisms (Wheatley, 1982; Gilbert, 1988; Alberts, 1994) . We have shown that Wolbachiu precisely follow the centrosome during mitosis from prophase, when centrosome duplication and migration occurs (Fig. 7) . The movement of Wolbachiu is rapid and direct from a loose association at interphase to a very tight and highly restricted localization at metaphase. Additional indications that these are specific interactions with centrosomal microtubules are implied from the movement of Wolbachiu away from the spindle poles during the metaphase/anaphase transition when astral microtubules grow from the spindle pole ( Fig. 7B and C) . This movement is further seen at telophase/interphase where microtubule growth is at a maximum and Wolbachiu decreases around the centrosome (Fig. 7D) .
Taken together, these data strongly imply that Wolbachiu interact with centrosomal-derived microtubules. The lack of any apparent interaction with other microtubules in the egg implies that these interactions are specific. The ability of Wolbachia to discriminate between classes of microtubules suggests that these interactions may be mediated by specific receptors on the symbiont. We hope to exploit these specific interactions to identify the responsible bacterial and host factors.
Our results may have important implications for the evolution of host/symbiosis. For example, the data demonstrate that Wolbachia, by virtue of their association with the centrosome, segregate 1:l during mitosis and therefore effectively behave like chromosomes (Fig.  7) . This may have been an important feature during the evolution and development of cellular organelles as it would ensure that following cell division, each daughter cell would receive the symbiont in equal numbers. Similar behavior of mitochondria during cell division has been noted (Kobayakawa, 1988; Henson et al., 1989; Sawada and Schatten, 1989) suggesting that similar mechanisms may be involved. Characterization of the cellular constituents involved should provide important information about how this unique association arose through time, and perhaps identify new and novel constituents in both the bacterium and the centrosome.
Regulation of Wolbachia cell division in the embryo
The development of Wolbachia-specific antibodies will be valuable for future studies of the general biology of Wolbachia and CI. We have used Mab Wol-1 and confocal microscopy to quantify changes in Wolbachia numbers and position in the egg during the early stages of embryogenesis. Of particular note is the finding that little, if any, detectable bacterial growth occurs during these stages (Fig. 9). [Parenthetically, Wolbachia also behave identically in a sister species, D. melanogaster that have been transinfected by microinjection (W. Chang and T.L. Karr, unpublished data)]. From the perspective of host survival, regulation of Wolbachia growth and division is expected. Considering the extensive global location of Wolbachia throughout the entire mature egg, and the fact that extensive Wolbachiu division had to occur at some point during oogenesis (egg volume increases by about a million-fold at the latter stages of oogenesis (King, 1970) ), growth arrest must occur during the latter stages of oogenesis and Wolbachia remain quiescent during early development. We are currently examining Wolbachia during oogenesis to determine the timing and location of growth. It will be interesting to determine the relationship between Wolbachia and the transport systems that move nurse cells contents into the egg during these same stages (Cooley and Theurkauf, 1994) .
We have recently succeeded in generating stably infected transinfected strains of D. melanogaster that express high levels of CI (Boyle et al., 1993; W. Chang. and TLK, unpublished) that should provide a useful genetic system to study CI and related cellular activities such as the regulation of Wolbachia growth.
Materials and methods
Drosophila stocks
Drosophila simulans originally taken near Riverside, California, (designated DSR, kindly provided by M. Turelli, Univ. of California, Davis) and tetracyclinetreated DSR (DSRT)(O'Neill and Karr, 1990) were grown under standard laboratory conditions at 25°C. Flies were fed on grape juice/Cream of Wheat food plates supplemented with yeast.
Wolbachia isolation
Overnight collections of DSR embryos were washed and de-chorionated in 50% commercial bleach (active ingredient, 2.5% sodium hypochlorite) and homogenized in a glass-Teflon grinder in PBS (50 mM sodium phosphate, 50 mM NaCl, 5 mM KCl, pH7.8) with 2 mM CaC12. Following a 30 min incubation on ice, the homogenate was filtered through three layers of Miracloth (Calbiochem) and then filtered, under a mild vacuum, through a 10 pm pore size polypropylene membrane (Gelman Sciences, Inc.). The filtrate was spun in a clinical table-top centrifuge for 5 min at 4"C, the supematant collected and vacuum filtered through a 5 micron pore-size SVLP membrane (Millipore). The resulting filtrate was then spun in a Beckman TLA100.3 rotor at 20000 rev/min for 5 min at 4'C. The pellet, which contained the majority of Wolbachia, was resuspended in acetate buffer (0.1 M sodium acetate, 5 mM MgS04, pH5.0) containing 80 units/ml Bovine Pancreas DNaseI (Sigma) and incubated for 30 min at room temperature. The solution was then layered on a pre-formed 10 ml linear sucrose step gradient. The gradient was prepared by layering in order, 2 ml of PBS containing 50,45, 40, 30, 20% (w/v) sucrose in a centrifuge tube and then used to centrifuge the DNase-treated Wolbachia in a Beckman SW41 Ti rotor at 40000 rev/mm for 30 min at 4°C. The pellet was resuspended in 1 ml PBS, pelleted in a microfuge and the procedure repeated. The final pellet was then resuspended in PBS and further analyzed as described below.
fication were spread onto a coverslip, air-dried and fixed by immersion in 100% methanol for 5 min. Fixed samples were incubated with Mab Wol-1 for 1 h in a sealed humid chamber, washed 3 x with PBST for 1 h and stained with using a rhodamine-conjugated goat antimouse secondary antibody (Jackson ImmunoResearch, Inc). Prior to mounting, samples were stained with a DNA-fluorescent dye, Chromomycin A3 (Sigma) and mounted in 80% glycerol/PBS. Bacteria present in each fraction were visualized using a Zeiss LSM confocal microscope, and the number of Wolbachia present in randomly chosen fields were counted from prints out obtained from the onboard computer connected to the confocal microscope. The relative purity of bacteria was calculated from the ratio of number of bacteria/total protein in each fraction. Protein concentration was determined by BCA Protein Assay Reagent (Pierce Chemical Co.).
Antibody production and screening
Mice were immunized with Wolbachia isolated as described above. Before injection, purified Wolbachia were sonicated and protein concentration was quantitated by BCA (Pierce). Standard immunization and fusion protocols were followed, and hybridoma cell lines were screened for positive immunoreactivity using indirect immunofluorescence, as previously described (Karr, 1991) , with only minor modifications as described below.
PCR analysis
All procedures were done at room temperature. DSR embryos were de-chorionated in 50% commercial chlorox and transferred into a two-phase fixative containing heptane and equal volume of methanol. Embryos were hand-shaken for 30 s, allowed to settle into the methanol phase, removed and washed 3x with methanol. Embryos were rehydrated in PBST (PBS containing 0.1% Triton X-100). The fixed embryos were placed in 96-well tissue culture plates and incubated with hybridoma supematants. Following a l-h incubation, embryos were washed with PBST 3 x for 1 h and then incubated with rhodamine-conjugated anti-mouse secondary probe (Jackson ImmunoResearch, Inc.). Embryos were then stained with DAPI (4',6-diamidino-2-phenyl indole) to label chromosome and mounted under coverslips in 80% glycerol/PBS. Positive hybridoma lines secreting anti-Wolbachia antibodies were identified by examining the stained embryos using a Zeiss Axioplan microscope equipped with epi-fluorescence optics. A total of seven monoclonal antibodies were recovered and will be described in detail elsewhere (Kose and Karr, in preparation) . One, designated Wol-1, was used in the present study.
The presence of Wolbachia during purification was also assayed by the polymerase chain reaction using Wolbachia-specific primers, as previously described (O'Neill, 1992; Boyle et al., 1993) . Briefly, DNA was extracted from isolated Wolbachia, incubated at 95°C for 10 min, spun in a mirocentrifuge and 1 .O ~1 of the supernatant was used as a template in the PCR reaction. Wolbachia sequences were amplified during 35 cycles of sequential incubation at 95°C for 1 min, 55°C for 1 min and 75°C 1 min.
Immunocytochemistry
Embryos were fixed as described above with the following modifications designed to preserve microtubules (Karr and Alberts, 1986) . A two-phase fixative was used that contained 5 ml of heptane, 5 ml of methanol and 1 pg taxol (Karr and Alberts, 1986) . Washed and dechorionted embryos were transferred to the Iixative, shaken for 15 s and 0.1 ml of 37% formaldehyde added with shaking for an additional 30 s. Fixed embryos were rehydrated in PBST and Wolbachia stained using Mab Wol-1. Microtubules were stained with a rat anti-tubulin antibody (Harlan). Wolbachia were visualized using a rhodamine conjugated anti-mouse secondary and tubulin visualized with a fluoresceinconjugated anti-rat secondary probe (both from Jackson ImmunoResarch, Inc.). Images were acquired using a Zeiss LSM confocal microscope, displayed in Photoshop (Adobe, Inc) and printed with a Phaser IIDX dye sublimation printer.
Immunoblotting 4.5. Quantitation of Wolbachia
Extracts were prepared by homogenizing embryos in A semi-quantitative procedure was developed to PBS using a glass-teflon homogenizer. Homogenates determine the relative purity of the bacteria during puriwere spun at 70 000 rev/min for 15 min in a Beckman fication. One microliter samples from stages of the puritabletop ultracentrifuge using a TLA 100.3 rotor. The pellet was discarded and an equal volume of SDS sample buffer was added, placed in boiling water for 5 min and insoluble debris removed by spinning in a microfuge for two minutes. 10 pg of embryo extract were separated on 10% SDS-polyacrylamide gels and electrotransferred to nitrocellulose membranes by standard procedures (Towbin et al., 1979) . The membranes were stained with Ponceau to confirm the blotting and blocked with 5% non-fat dry milk in Tris-buffer with 0.1% Tween 0.1% (TBST). Membranes were subsequently incubated with hybridoma supernatant for 1 h, washed 3 x with TBST and subsequently incubated with horse radish peroxidase-conjugated goat anti-mouse antibody (Zymed) for 1 h. Membranes were washed 3 x for 1 h. Antibody positive protein band was visualized by enhanced chemiluminence (ECL) kit (Amersham International plc).
4.9. Determination of nuclear division cycle Embryos were staged by determining the number of cleavage nuclei in eggs (Zalokar, 1973; Foe and Alberts, 1983) using the DNA-specific fluorochrome Chromomycin A3. The number of nuclei increase geometrically, doubling at each mitosis. Thus, the number of nuclei present at nuclear division cycles 2-8 are 2,4, 8, 16, 32, 64 and 128, respectively. 
